I N T R O D U C T I O N
Anaerobically, light (i.e. phototrophically) grown Rhodospirillum rubrum, like other members of the phototrophic bacteria, contains intracytoplasmic membranes which are sites for photochemical electron transport and coupled reactions (Frenkel, I 970) . The cytoplasmic membrane, on the other hand, is a site for respiratory electron transport reactions in phototrophic as well as in aerobically, dark (i.e. chemotrophically) grown cells (Oelze & Drews, I 972) . Usually, intracytoplasmic membranes are not present in chemotrophic cells. Upon transfer of chemotrophic cultures to phototrophic conditions, however, intracytoplasmic membranes are formed (Lascelles, 1968 ; Oelze & Drews, 1972) . Electron micrographs of thin sections revealed connexions between cytoplasmic and intracytoplasmic membranes (Drews & Giesbrecht, 1963; Boatman, 1964; Hickman & Frenkel, 1965) . This finding, and results obtained from experiments with isolated membrane fractions, have led to the hypothesis that intracytoplasmic membranes are formed by invagination of the cytoplasmic membrane.
The amount of intracytoplasmic membrane is variable, depending on culture conditions (Cohen-Bazire & Kunisawa, 1963; Holt & Marr, 1965; Hickman & Frenkel, 1965) . This raises the question whether an extension of the intracytoplasmic membrane system is confined to existing intracytoplasmic membranes only, or whether cytoplasmic membranes also participate by forming new invaginations. While in the first case, as suggested by Kosakowski & Kaplan (1974) , the number of invaginations should reach a constant value after a relatively short initial period of adaptation to phototrophy, the number should be expected to increase further in the second case.
We have attempted to answer these questions by electron microscopic investigations of freeze-etched specimens of R. rubrum.
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M E T H O D S
Cultivation of bacteria. Rhodospirilluin rubrum, strain FRI, was cultivated chemotrophically as described by Oelze et al. (1969) . To study the formation of cytoplasmic membrane invaginations, chemotrophically grown cultures were inoculated into fresh culture medium and cultivated under anaerobiosis in the light. Light intensity, measured approximately at the centre of the culture vessel, was 800 ft-candle at the beginning of the experiment. After about 25 h the culture growth reached the stationary phase. Bacteria in 50 ml of this culture were separated by centrifugation, resuspended in the same volume of fresh medium, and incubated under constant stirring anaerobically in the light. This procedure was repeated three times within 40 h. Thus, it was possible to obtain a bacteriochlorophyll content about twice as high as that measurable at the beginning of the stationary phase.
Quantitative estimations. Protein was determined by the method of Lowry et a/. (1951) . The bacteriochlorophyll content was measured in methanol by using the specific extinction coefficient recommended by Smith & Benitez (1955) .
Electron microscopy. Bacterial samples were separated from the culture medium by centrifugation and incubated stepwise with glycerol to a final concentration of 30 % (v/v).
Specimens were mounted on 3 mm gold discs, frozen in Freon 22, and plunged into liquid nitrogen. Freeze-etching was performed in a Balzers unit BA 360 M according to Moor & Miihlethaler (1963) . Etching time was I min at -roo "C. Replicas were examined in a
Siemens Elmiskop IA at 80 kV. Quantitative determination on electron micrographs. To count the invaginations of the cytoplasmic membrane/,um2, the areas of exposed membrane fracture faces were determined by weighing copies on transparent paper of these areas. In each experiment at least 20 determinations were performed.
R E S U L T S A N D D I S C U S S I O N
Freeze-etching of chemotrophically grown R. rubrum exposed four fracture faces of the cell envelope which resembled those of other Gram-negative micro-organisms (van Goo1 & Nanninga, 1971 ; Gilleland et al. 1973) . Besides the complementary convex and concave faces of fracture planes in the outer cell wall (C%2, Fig. 4 ) there were the convex and concave faces in the cytoplasmic membrane (P^M and PM, respectively). In some cases there was a further layer (FWI) observable between the C%2 layer and concave fracture v The arrows in the lower right-hand corners indicate the direction of shadEwing. P^M and P k , convex and cotcave fracture faces of cytoplasmic membrane, respectively. CW2, concave fracture face of wall; CWI, concave fracture face of wall (intermediate layer); C, cytoplasm. is visible between the concave fracture faces of cell wall (CW2) and the cytoplasmic membrane. Fig. 3 . Convex fracture face of phototrophically grown R. rubrum exposing indentations (indicated by small arrows) of the cytoplasmic membrane. Cells contained 20.6 pg bacteriochlorophyll/mg cell protein (see also Table I ) . Fig. 4 . The corresponding concave fracture face of the cytoplasmic membrane PM with numerous protuberances (indicated by small arrows). plane of the cytoplasmic membrane (FWI in Fig. 2 ) . The convex fracture plane (P%) of the cytoplasmic membrane was densely covered with particles of diameter 6.0 to 8.0 nm (Fig. I) . The corresponding concave plane (PM) showed a sparse distribution of particles of different size, as well as some holes. Fracture planes on cytoplasmic membranes of phototrophically grown R. rubrum revealed the presence of substructures in addition to those demonstrated in chemotrophically grown cells. While on convex fracture faces (PX) there were numerous indentations (Figs. 3, 5a) concave fracture faces exhibited numerous protuberances (Figs. 4, 5 b) . The indentations and protuberances probably represented sites of invaginations for intracytoplasmic membranes. Therefore such substructures on fracture planes should provide a quantitative estimate of membrane invagina tions. This suggestion was based on the following observations. Diameters of the protuberances and indentations, as well as diameters of membrane invagination sites demonstrated in thin sections (20 to 30 nm), were within the same order of magnitude (Drews & Giesbrecht, 1963; Boatman, 1964; Hickman & Frenkel, 1965) . Also, protuberances and indentations were not detectable in chemotrophic cells and were present only when intracytoplasmic membranes could be demonstrated in the crossfractured cytoplasm (Fig. 6) .
To study the development of intracytoplasmic membranes in cells of R. rubrum on the basis of invaginations, we transferred cells from aerobic dark (i.e. chemotrophic) to anaerobic light (i.e. phototrophic) conditions. At defined times after transfer to the light, samples were withdrawn for determination of the bacteriochlorophyll contents and for the preparation of freeze-etch specimens.
While electron micrographs of thin sections could reveal only a very few of the total connexions between cytoplasmic and intracytoplasmic membranes per cell, freeze-etching provided an elegant means to detect all the invaginations per unit area of membrane surface. * The times after transfer from chemotrophic to phototrophic conditions are given in parentheses.
Significance of the values is based on a 99 % confidence level.
Figs. 2 , 3, 4 and 5 demonstrate that the number of indentations and protuberances of the cytoplasmic membrane fracture faces increased as the bacteriochlorophyll content of the cells increased. The irregular mode of occurrence of invaginations suggested a random occurrence rather than a fixed pattern. This was observed especially during the early phases of adaptation of chemotrophically grown cells to phototrophic conditions (Fig. 2) . The quantitative data (Table I) indicate that shortly after onset of phototrophy, bacteriochlorophyll was synthesized without any significant formation of invaginations (first phase). These findings answered the question, whether during the initial phases of adaptation, bacteriochlorophyll was incorporated into cytoplasmic membranes, or into a few intracytoplasmic membranes which could not be detected before because they did not happen to be in the plane of the section. As the bacteriochlorophyll content increased, in a second phase, invaginations of the cytoplasmic membrane occurred and increased in number. However, proportionality between the rates of bacteriochlorophyll and invagination formation could not be established. This could be explained by Oelze & Drews' (1972) hypothesis on intracytoplasmic membrane formation : that the photosynthetic apparatus could be incorporated into the cytoplasmic membrane immediately after transition to phototrophic conditions ; it could not be specified whether incorporation was patchy or homogeneous, but in either case there would result a significant, if slight, differentiation of the cytoplasmic membrane. In agreement with this hypothesis, no indentations or protuberances of the cytoplasmic membrane fracture faces could be shown when cells contained very low levels of bacteriochlorophyll (Table I ). The hypothesis furthermore proposed that, at increasing pigment levels, cytoplasmic membranes form invaginations which elongate and differentiate simultaneously by preferential incorporation of the photosynthetic apparatus. Finally, intracytoplasmic membranes could be developed in a fixed ratio of different constituents with a residual proportion (about 5 %) of cytoplasmic membrane proteins (Oelze et a/. 1969; Oelze & Drews, 1972) . Concerning the formation of bacteriochlorophyll and cytoplasmic membrane invaginations, it followed that most of the pigment was deposited in intracytoplasmic membranes, though this process might not have been correlated with the occurrence of new invaginations. Nevertheless, the significantly increasing number of invaginations demonstrated by the Figures and Table indicate that the cytoplasmic membrane was involved, even in more advanced stages, in the continuous proliferation of new intracytoplasmic membranes. Thus we conclude that an extension of the intracytoplasmic membrane system is facilitated simultaneously by elongation of invaginations and by an increase in the number of invaginations.
